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ABSTRACT
We present the results from an extensive spectroscopic survey of the central region of the nearby
galaxy cluster Abell 2199 at z = 0.03. By combining 775 new redshifts from the MMT/Hectospec
observations with the data in the literature, we construct a large sample of 1624 galaxies with measured
redshifts at R < 30′, which results in high spectroscopic completeness at rpetro,0 < 20.5 (77%). We
use these data to study the kinematics and clustering of galaxies focusing on the comparison with
those of the intracluster medium (ICM) from Suzaku X-ray observations. We identify 406 member
galaxies of A2199 at R < 30′ using the caustic technique. The velocity dispersion profile of cluster
members appears smoothly connected to the stellar velocity dispersion profile of the cD galaxy. The
luminosity function is well fitted with a Schechter function at Mr < −15. The radial velocities of
cluster galaxies generally agree well with those of the ICM, but there are some regions where the
velocity difference between the two is about a few hundred kilometer per second. The cluster galaxies
show a hint of global rotation at R < 5′ with vrot = 300−600 km s
−1, but the ICM in the same region
do not show such rotation. We apply a friends-of-friends algorithm to the cluster galaxy sample at
R < 60′ and identify 32 group candidates, and examine the spatial correlation between the galaxy
groups and X-ray emission. This extensive survey in the central region of A2199 provides an important
basis for future studies of interplay among the galaxies, the ICM and the dark matter in the cluster.
Subject headings: galaxies: clusters: individual (Abell 2199) – galaxies: distances and redshifts –
galaxies: kinematics and dynamics – galaxies: luminosity function
1. INTRODUCTION
Galaxy clusters are the largest gravitationally bound
objects in the universe. They generally form at the nodes
of filaments in the large-scale structure of the universe,
and have grown through continuous accretion of material
from the surroundings (Kravtsov & Borgani 2012). They
consist of three components that include dark matter, the
intracluster medium (ICM), and galaxies. Each compo-
nent has a different mass fraction in a cluster (dark mat-
ter: 80–95% , ICM: 5–20%, galaxies: 0.5–3%; Lin et al.
2003; Ettori et al. 2009), making up the total mass of
1014−1015M⊙ (e.g. Rines et al. 2013).
The three components interact with each other as clus-
ters evolve through cosmic time (Park & Hwang 2009;
Gu et al. 2013). Because of different physical proper-
ties of the three components, the evolution of each com-
ponent within a cluster is diverse. For example, when
a galaxy cluster interacts or merges with another clus-
ter, the three components can behave differently. The
measurement of spatial offsets among the three compo-
nents can provide strong constraints on models regard-
ing nature of dark matter (e.g. Markevitch et al. 2004;
Harvey et al. 2015).
Different kinematic properties of the collisional ICM
and collisionless cluster galaxies also provide an impor-
tant hint of cluster merging history. Some numerical
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studies have suggested that off-axis merging between two
clusters provides angular momentum to clusters (Ricker
1998; Takizawa 2000; Ricker & Sarazin 2001) and the re-
sulting bulk motion of the ICM survives longer than that
of galaxies (Roettiger & Flores 2000). Thus, a compari-
son of bulk motions between the ICM and galaxies allows
us to infer when the clusters have experienced the major
mergers. Moreover, the relevant bulk motion in clusters
can contribute to the kinetic Sunyaev-Zeldovich signals
that can affect the cosmic microwave background anal-
ysis (Dupke & Bregman 2002). It is therefore necessary
to examine the spatial distributions and the kinematics
of the ICM and galaxies in clusters to better understand
the formation and evolution of galaxy clusters and their
constituents.
A2199 is one of nearby, rich, and X-ray bright clus-
ters at z = 0.03. It hosts a massive cD galaxy
(NGC 6166) at the center, which shows a radio jet (3C
338) interacting with surrounding material (Nulsen et al.
2013). A2199 forms a supercluster with neighboring clus-
ters and groups that are probably infalling into A2199
(Rines et al. 2001). Because of proximity and of a wealth
of structures with different scales, A2199 has been an
ideal laboratory to test structure formation models, in
particular the evolution of galaxies in connection to the
ICM and dark matter.
There are also many multiwavelength surveys that uni-
formly covered this supercluster region including the op-
tical photometric and spectroscopic data from Sloan Dig-
ital Sky Survey (SDSS, York et al. 2000), Wide-field In-
frared Survey Explorer (WISE, Wright et al. 2010), mid-
infrared photometric data, and ROSAT and Suzaku X-
ray data (Voges et al. 1999, T. Tamura et al. 2017, in
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prep.). The combination of these data provides interest-
ing insights on galaxy properties and their environmental
dependence in the supercluster region (e.g. Rines et al.
2001, 2002; Hwang et al. 2012; Lee et al. 2015).
Here, we report the results from our extensive redshift
survey of the central region of A2199 at R < 30′ (∼half
virial radius of A2199). We increase the spectroscopic
completeness in the survey region significantly from 38%
to 77% at rpetro,0 < 20.5, and construct a large sample
of galaxies by combining with the data in the literature.
We use this extensive data set to compare the kinematics
and the spatial distribution of galaxies with those of the
ICM.
This paper is constructed as follow. Section 2 describes
the redshift data obtained with our MMT/Hectospec
observations. We determine cluster membership, and
derive the velocity dispersion profile and the luminos-
ity function in Section 3. In Section 4, we compare
the kinematics and the spatial distributions between
galaxies and the ICM. Unless explicitly noted other-
wise, we adopt flat Λ-CDM cosmological parameters of
H0 = 100 hkm s
−1Mpc, ΩΛ = 0.7, and ΩM = 0.3.
2. DATA
2.1. Photometric Data
We used the photometric data of the SDSS data release
12 (DR12; Alam et al. 2015) to select targets for spec-
troscopic observations. Because our goal is to conduct a
complete, uniform redshift survey of the central region of
A2199 at R < 30′, we chose the galaxies at rpetro,0 < 21
without using any color selection criteria 4 (i.e. extended
sources in SDSS; see Section 4.2 of Strauss et al. 2002 for
the star-galaxy separation in SDSS). We weighted the
spectroscopic targets with their apparent magnitudes.
2.2. Spectroscopy
We used Hectospec on the MMT 6.5m telescope for
spectroscopic observations (Fabricant et al. 1998, 2005).
Hectospec is a 300-fiber multi-object spectrograph with
a circular field of view (FOV) of a 1◦ diameter. We
used the 270 line mm−1 grating of Hectospec that pro-
vides a dispersion of 1.2A˚ pixel−1 and a resolution of
∼6A˚. We observed 4 fields with 3×20 minutes expo-
sure each, and obtained spectra covering the wavelength
range 3500–9150A˚. All the fields are centered on the
A2199 X-ray center (R.A.= 247◦.1582, decl.= 39◦.5487;
Bo¨hringer et al. 2000).
We reduced the Hectospec spectra with HSRED v2.0
that is an updated reduction pipeline originally de-
veloped by Richard Cool. We then used RVSAO
(Kurtz & Mink 1998) to determine the redshifts by cross-
correlating the spectra with templates. RVSAO gives the
Tonry & Davis (1979)’s r-value for each spectrum that is
an indicator of cross-correlation reliability; we select only
those galaxies with r > 4, consistent with the limit con-
firmed by visual inspection (Geller et al. 2014b, 2016).
In the end, we obtain 775 reliable redshifts from the ob-
servations of 1024 targets. We combine these data with
those from the SDSS DR12 (Alam et al. 2015) and from
4 The subscript 0 of magnitudes represents magnitudes after the
galactic extinction correction.
the literature (Rines & Geller 2008; Rines et al. 2002;
Smith et al. 2004). In total, we have 1625 redshifts at
R < 30′; 775 from this study, 477 from Rines & Geller
(2008), 363 from the SDSS DR12, and 10 from other
studies.
Figure 1 shows the (g − r)-r color-magnitude diagram
for the objects in the central region of A2199 at R < 30′.
Galaxies with measured redshifts are represented with
symbols in colors, while those without spectra are in-
dicated with black dots. The red sequence of A2199 is
clearly visible, and the blue population is sparsely dis-
tributed below the red sequence. We use the cluster
member galaxies at R < 30′ (see Section 3.1 for the
member selection) to determine the best-fit relation of
the red sequence, which is
gmodel,0 − rmodel,0 = 1.156− 0.024 rpetro,0 (1)
(solid line in Figure 1). The rms scatter around this
relation is 0.05 mag. We divide the cluster mem-
ber galaxies into two subsamples (red and blue) using
the line 3σ blueward of the best-fit red-sequence re-
lation (Sa´nchez-Bla´zquez et al. 2009; Rines et al. 2013;
Hwang et al. 2014); they are indicated separately with
red dots and blue crosses in Figure 1. Green squares are
background plus foreground galaxies.
The bottom panel of Figure 2 shows the spectroscopic
completeness atR < 30′ (i.e. the number of galaxies with
measured redshifts divided by the number of galaxies in
the photometric sample) as a function of r-band apparent
magnitude; black and red lines indicate the completeness
before and after our Hectospec observations, respectively.
The vertical lines indicate the magnitudes when the dif-
ferential completeness drops below 50%. The effective
magnitude limit including our new redshift data is fainter
than the one based on previous redshift data by about
one magnitude (from 19.1 to 20.2). Similarly, the cumu-
lative completeness at rpetro,0 < 20.5 has significantly
increased from 38% to 77% with our new data. The
bottom left panel of Figure 3 shows the two-dimensional
map of the spectroscopic completeness at rpetro,0 < 20.5
as a function of R.A. and declination. The top and right
panels show the integrated completeness as a function
of R.A. and declination, respectively, showing very little
variation. The high completeness with little spatial vari-
ation suggests that the cluster is very successfully and
uniformly covered by our redshift survey.
The top panel of Figure 4 shows r-band apparent
magnitudes of galaxies as a function of redshift. Red
and black dots indicate the galaxies with measured red-
shifts from this study and from the literature, respec-
tively. As expected, we targeted mainly faint objects at
rpetro,0 = 19.0−20.5. The bottom panel is for redshift
histograms; red is for the new redshifts and black is for
the total. The blue histogram is for the A2199 member
galaxies, which is peaked at z = 0.03
In Table 1, we list all the redshifts in the central region
of A2199 at R < 1◦. In total, there are 2400 redshifts.
The table includes SDSS DR12 ObjID, R.A., declination,
r-band apparent magnitude (rPetro,0), flag whether the
source is an extended source based on the probPSF pa-
rameter in the SDSS database, redshift (z) and its error,
redshift source, cluster membership (see Section 3.1), and
group ID (see Section 5.1).
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Fig. 1.— (gmodel,0 − rmodel,0)−rpetro,0 color-magnitude diagram of A2199 galaxies at R < 30
′. Green dots represent galaxies with
measured redshifts and black dots represent galaxies without redshifts. Red dots denote cluster members which are in the red sequence,
and blue crosses are blue cluster members.
Fig. 2.— (Top) Numbers of galaxies at R < 30′ as a function of rpetro,0: dashed line – all the galaxies regardless of redshift measurement,
black solid line – galaxies with measured redshifts before our MMT/Hectospec observations, red solid line – galaxies with measured redshifts
after our MMT/Hectospec observations. (Bottom) Differential spectroscopic completeness at R < 30′ as a function of rpetro,0. Black and
red solid lines represent the completeness curves before and after our MMT/Hectospec observations, respectively. Two vertical dotted lines
denote apparent magnitudes when the completeness drops below 50%: black dotted line – rpetro,0 = 19.1, red dotted line – rpetro,0 = 20.2.
3. PHYSICAL PROPERTIES OF CLUSTER
GALAXIES IN A2199
3.1. Cluster Membership with the Caustic Technique
The distribution of cluster galaxies in a phase space
defined by radial velocity and projected clustercentric
radius shows a characteristic trumpet-shaped pattern.
The edges of this distribution are called caustics and
are related to the escape velocity at each radius (Kaiser
1987; Regos & Geller 1989; Diaferio & Geller 1997). The
caustic technique defines the trumpet-shaped pattern,
and separates galaxies bound in a cluster from fore-
ground and background galaxies (Diaferio & Geller 1997;
Diaferio 1999). The technique uses an adaptive kernel to
compute a smoothed, two-dimensional density distribu-
tion in the phase space, and the location of the caustics
is where the density reaches a certain threshold. A de-
tailed explanation on this technique is in Diaferio (1999)
and Serra et al. (2011). This technique is widely used
in identifying cluster galaxies and in determining clus-
ter mass profiles (Rines et al. 2013, 2016; Biviano et al.
2013). Serra & Diaferio (2013) used 100 mock clusters
from a cosmological N-body simulation, and demon-
strated that the caustic technique works well in identify-
ing cluster member galaxies with the fraction of identi-
fied true members to be 95±3% within 3R200 (see also
Diaferio 1999; Serra et al. 2011, for more details). We use
a free software tool, The Caustic App v1.2 developed by
Anna Laura Serra & Antonaldo Diaferio, to apply this
method to the sample of galaxies with measured redshifts
at R < 400′ and identify the member galaxies of A2199.
The middle panel of Figure 5 shows the rest-frame clus-
tercentric velocities of galaxies as a function of projected
clustercentric radius with the determined caustics (black
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Fig. 3.— Two-dimensional, cumulative spectroscopic completeness in the field of A2199 as a function of right ascension and of declination
(bottom left). Integrated spectroscopic completeness as a function of right ascension (top) and declination (bottom right).
TABLE 1
Redshifts in the field of A2199 within 1◦ from the cluster center
ID SDSS DR12 ObjID
R.A. Decl. rPetro,0 Flaga z z Sourceb Memberc Group IDd(◦) (◦) (mag)
1 1237665355085054298 245.871175 39.650101 18.219 1 0.27797 ± 0.00004 2 0 0
2 1237659324955362134 245.881278 39.458171 19.350 0 0.38281 ± 0.00010 2 0 0
3 1237659324955362294 245.899988 39.407002 19.877 1 0.51362 ± 0.00018 2 0 0
4 1237659324955361802 245.901447 39.457362 21.091 1 2.72922 ± 0.00132 2 0 0
5 1237659324955362292 245.902653 39.409422 20.558 1 0.51274 ± 0.00014 2 0 0
6 1237665355084988891 245.904406 39.612085 20.258 1 2.42312 ± 0.00072 2 0 0
7 1237659324955427115 245.920292 39.311703 17.286 0 0.21968 ± 0.00001 2 0 0
8 1237659324955427099 245.924866 39.333424 17.175 1 0.13229 ± 0.00003 2 0 0
9 1237659324955361592 245.929057 39.417682 16.706 0 0.10142 ± 0.00003 2 0 0
10 1237659324955427194 245.942664 39.227732 20.642 1 0.64250 ± 0.00023 2 0 0
Note. — This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance
regarding its form and content.
a (0) Extended source, (1) Point source.
b (1) This study, (2) SDSS DR12, (3) Rines & Geller (2008), (4) Rines et al. (2002), (5) Hill & Oegerle (1998), (6) Smith et al. (2004, NOAO
Fundamental Plane Survey), (7) Zabludoff et al. (1990), (8) Huchra et al. (2012, 2MASS Redshift Survey), (9) Pustilnik et al. (1999), (10)
Bernardi et al. (2002), (11) Wyithe et al. (2005).
c (0) A2199 non-member, (1) A2199 member.
d (0) Not involved with groups, (1-32) Group identification.
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Fig. 4.— (Top) Distribution of rpetro,0 of galaxies at R < 30
′ as
a function of redshift. Black dots represent galaxies with measured
redshifts in the literature. Red dots represent galaxies with new
redshifts in this study. (Bottom) Redshift distribution of galaxies.
Black and red colors indicate all the galaxies with measured red-
shifts at R < 30′ and the galaxies with new redshifts in this study,
respectively. Blue histogram represents the redshift distribution of
the member galaxies of A2199.
solid lines). The expected trumpet-shaped pattern is ob-
vious, and roughly agrees with the lines based on a visual
impression. The caustic technique also determines a hi-
erarchical center of the cluster based on a binary tree
analysis (see Appendix A of Diaferio 1999, for more de-
tails). The cluster center determined from this technique
is R.A.= 247◦.135032 and decl.= 39◦.520795, consistent
with the X-ray center used in this study.
We finally identify 585 members at R < 60′ (R <
1.58h−1Mpc) using the caustic technique. The red and
blue members defined in Figure 1 are plotted, respec-
tively, as red circles and blue crosses in the middle panel
of Figure 5. The bottom panel shows r-band apparent
magnitudes of galaxies as a function of projected clus-
tercentric radius (red members: red circles, blue mem-
bers: blue crosses, non-members with measured red-
shifts: black circles). Two different magnitude limits for
spectroscopy are apparent at different clustercentric ra-
dius ranges: rpetro,0 ∼ 20.5 atR < 30
′ (MMT/Hectospec
in this study) and rpetro,0 ∼ 17.77 at 30
′ < R < 60′
(SDSS main galaxy sample).
3.2. Velocity Dispersion Profile
The velocity dispersion profile of galaxy clusters pro-
vides important information on the total mass distribu-
tion in clusters or on the orbital velocity anisotropy of
cluster galaxies (Mahdavi et al. 1999; Biviano & Katgert
2004; Hwang & Lee 2008). Moreover, Geller et al.
(2014a) suggested that the combination of two kinematic
tracers (e.g. stars of cD galaxy and cluster galaxies) po-
tentially provide complementary measures of the clus-
ter potential (see also Kelson et al. 2002). We therefore
present the velocity dispersion profile of the A2199 galax-
ies with the stellar dispersion profile of the cD galaxy in
Figure 6. Red open circles and blue crosses are for the red
and blue members, respectively, and black filled circles
are for all the members. The points at R < 2′ are for the
cD stars: plus signs from Kelson et al. (2002) and star
symbols from Bender et al. (2015). The two different
velocity dispersion profiles of stars and galaxies overlap
smoothly and show a turnover around 0.1h−1Mpc. This
is similar to the results in Kelson et al. (2002) for A2199
and in Geller et al. (2014a) for A383. Kelson et al. tried
to fit to the observed velocity dispersion profiles with
one- and two-component mass models, and could ob-
tain an acceptable fit when they treat the stellar and
dark matter components separately. A detailed dynam-
ical modeling including the fit to the combined cD and
galaxy velocity dispersion profiles is beyond the scope
of this paper, but we provide the data for the profile of
galaxies in Table 2 for future studies.
The velocity dispersion profiles of the total and red
samples agree well within the uncertainty. The blue
galaxies seem to have systematically higher velocity dis-
persions than the red galaxies. However, the inclusion of
the blue population to the total sample does not make
the total velocity dispersion profile significantly differ-
ent from that of the red sample. This means that the
red members are reliable tracers for the cluster velocity
dispersion (and cluster mass estimates), which is consis-
tent with the results in other studies (Rines et al. 2013;
Geller et al. 2014a).
3.3. Luminosity Function
The galaxy luminosity function and its environmen-
tal dependence are fundamental tools for understand-
ing galaxy formation and evolution (White & Rees 1978;
Cole 1991; White & Frenk 1991). In particular, a ro-
bust measurement of the faint-end slope of the lu-
minosity function that provides strong constraints on
galaxy formation models is one of key challenges (e.g.
Geller et al. 2012). Typical measurements of the faint-
end slope of the luminosity function from observations
are −1.6 < α < −1.1 (e.g. Efstathiou et al. 1988;
Liu et al. 2008), flatter than the one of the mass func-
tion of dark matter subhalos from ΛCDM simulations
(α = −1.9, Springel et al. 2008). This discrepancy
can be understood by various physical processes rele-
vant to galaxy formation and evolution in a dark matter
halos including gas cooling, cosmic re-ionization, feed-
back processes, galaxy merging, and thermal conduc-
tion (Benson et al. 2003; Cooray & Milosavljevic´ 2005;
Croton et al. 2006).
Interestingly, some studies suggest that the galaxy
luminosity function in clusters shows an upturn at the
faint end (e.g. −2.1 < α < −1.6, Driver et al. 1994;
de Propris et al. 1995; Adami et al. 2007; Jenkins et al.
2007; Milne et al. 2007; Yamanoi et al. 2007;
Ban˜ados et al. 2010; Agulli et al. 2014; Moretti et al.
2015; Lan et al. 2016). There are some physical pro-
cesses including tidal interactions and shielding from
the ultraviolet radiation in clusters that could create
and protect dwarf galaxies, which result in the excess of
dwarf populations; this makes the faint-end slope of the
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Fig. 5.— (Middle left) Rest-frame clustercentric velocities of galaxies as a function of projected clustercentric radius. Black thick lines
are the caustics. Cluster member galaxies are defined as those within the caustics. Red dots and blue crosses are the red and blue
members, respectively. Galaxies with measured redshifts that are classified as non-members are represented with black dots. Histograms
of clustercentric radii (top) and of rest-frame clustercentric velocities (middle right) of galaxies are also shown. Red and blue hashed
histograms are for red and blue members, respectively. Black hashed histogram is for all members and plain one is for galaxies including
both members and non-members. (Bottom left) rpetro,0 of galaxies as a function of clustercentric radius. Black dots are non-member
galaxies with measured redshifts. We display only 10% of them for clarity. (Bottom right) Histogram of rpetro,0. Black hashed one is for
members and plain one is for all galaxies with measured redshifts.
luminosity function steep (Barnes & Hernquist 1992;
Bekki et al. 2001; Tully et al. 2002; Benson et al. 2003;
Popesso et al. 2006). Lan et al. (2016) has recently
claimed that this faint-end upturn of the luminosity
function is universal regardless of environment. How-
ever, there are no studies that directly show such an
upturn in cluster environment using the spectroscopic
data (e.g. Rines & Geller 2008; Ferrarese et al. 2016),
which means that the existence and universality of the
faint-end upturn feature are still in debate. Here, we
examine the luminosity function of the cluster galaxies
of A2199 with our deep and complete spectroscopic data
focusing on the faint-end slope.
Rines & Geller (2008) used the redshift data of the cen-
tral region of A2199 (R < 30′) from MMT/Hectospec
observations to derive the luminosity function at r < 20
mag. We use the redshift data from our observation that
is deeper and more complete than previous surveys to
re-determine the luminosity function of A2199 focusing
on the faint-end slope. Following Rines & Geller (2008),
we first select the cluster galaxies by simply applying
their velocity cut (i.e. 7000< cz <11000 km s−1); there
are 400 galaxies by excluding the cD galaxy from the
luminosity function analysis. We count galaxies at each
absolute magnitude bin, and correct the counts for spec-
troscopic incompleteness by weighting each galaxy with
the inverse of the completeness in Figure 2 and for sur-
face brightness incompleteness in the SDSS photometric
catalog by multiplying the correction factor in Fig. 6 of
Blanton et al. (2005). We fit to the data where the to-
tal (surface brightness and spectroscopic) completeness
is larger than 50% (i.e. at rpetro,0 < 20.3) with the
Schechter function (Schechter 1976):
φ(M)dM = φ∗100.4(1+α)(M
∗
−M)exp
(
−100.4(M
∗
−M)
)
dM
(2)
where M is an absolute magnitude, M∗ is the charac-
teristic magnitude of the luminosity function, and α is
the faint-end slope. We use the MPFIT package in IDL
(Markwardt 2009) to determine the best-fit Schechter
function, and compute the uncertainties of the best-fit
parameters by repeating the fitting procedure 1000 times
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Fig. 6.— Velocity dispersion profile for A2199 as a function of clustercentric radius. Points and stars at radii. 2′ with 1σ error bars
show the velocity dispersion profiles of the cD galaxy from Kelson et al. (2002, see their Table 2) and Bender et al. (2015, see their Table
1), respectively. At larger radii, the velocity dispersion profile for the cluster members selected by the caustic method is presented. The
horizontal bar shows the width of the overlapping logarithmic bins (0.6 dex). Black points, red open circles, and blue crosses denote all the
members, the red members, and the blue members, respectively. The error is estimated by the bootstrap method.
TABLE 2
Velocity dispersion of A2199
All members Red members Blue members
R (′) σp (km s−1) R (′) σp (km s−1) R (′) σp (km s−1)
0.76 742 ± 214 0.76 742 ± 214 4.31 807 ± 282
1.36 920 ± 143 1.33 955 ± 154 5.31 1066 ± 334
1.99 957 ± 130 1.98 1003 ± 135 7.29 1033 ± 173
3.13 984 ± 76 3.05 987 ± 83 12.59 922 ± 91
4.82 951 ± 62 4.72 929 ± 71 21.37 897 ± 73
7.29 898 ± 55 7.30 872 ± 60 29.24 877 ± 55
11.72 861 ± 39 11.59 848 ± 46 41.40 795 ± 47
18.61 784 ± 32 17.79 749 ± 36 76.45 671 ± 35
26.56 738 ± 30 25.47 672 ± 32 115.75 557 ± 21
41.38 649 ± 25 41.38 574 ± 26 175.97 498 ± 15
72.92 601 ± 17 70.94 562 ± 20 243.59 450 ± 14
107.44 543 ± 13 101.29 533 ± 17 290.36 446 ± 15
176.27 481 ± 10 176.50 466 ± 12 347.55 464 ± 24
247.81 450 ± 9 251.90 452 ± 13
291.14 451 ± 10 291.85 457 ± 13
346.34 486 ± 17 345.00 510 ± 25
Note. — Errors are estimated by the bootstrap method.
with re-sampled data sets. The resulting best-fit param-
eters are M∗5 = −21.68 ± 0.64 and α = −1.26 ± 0.06.
This faint-end slope is slightly steeper than that the one
in Rines & Geller (2008, α = −1.13+0.07
−0.06), but is much
shallower than the one expected from the faint-end up-
turn of the luminosity function (i.e. −2.1 < α < −1.6).
On the other hand, the velocity cut used above cor-
responds to −2298 < ∆(cz)/(1 + zcl) < 1581 km s
−1;
this criterion is different from the caustics defined in Fig-
ure 5. To examine how this selection changes the result,
5 All absolute magnitudes in this paper are based on H0 =
70 km s−1Mpc−1.
we also derive the luminosity function using the mem-
ber galaxies identified with the caustic technique (i.e.
386 members at R < 30′). The best-fit parameters are
M∗ = −21.68± 0.80 and α = −1.26± 0.06, which shows
no significant differences from the case based on the ra-
dial velocity cut.
To examine whether the luminosity function changes
with environment, we show the luminosity functions for
inner (yellow squares) and outer (green triangles) regions
in the right panel of Figure 7. The radial ranges are cho-
sen to have similar numbers of galaxies in the regions.
We also fit to the data with the high spectroscopic com-
pleteness at Mr < −15 (i.e. filled symbols), and obtain
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Fig. 7.— Luminosity functions of A2199 member galaxies corrected for surface brightness and spectroscopic incompletenesses. The cD
galaxy is excluded from the analysis, and the r-band absolute magnitude, Mr is based on H0 = 70 km s
−1Mpc−1. (Left) Luminosity
function of galaxies selected by the caustic method at R < 30′ is measured and fitted with a single Schechter function. Black solid line
represents the best-fit result. Error bars are Poissonian uncertainties. Data with total (surface brightness and spectroscopic) completeness
greater than 50% are plotted and used for the fit, (Right) Luminosity functions of two subsamples of the member galaxies (selected by
the caustic method as well). The subsamples are divided by the clustercentric radius. Yellow squares and green triangles are luminosity
functions in the inner and outer regions, respectively. Solid and dashed lines represent the best-fit results. Error bars are Poissonian
uncertainties.
the best-fit parameters of M∗ = −21.26± 1.11 and α =
−1.22±0.10 for the inner region andM∗ = −22.11±3.94
and α = −1.31± 0.13 for the outer region. The slopes of
the two subsamples agree within the uncertainty, indicat-
ing no significant changes of the luminosity function with
clustercentric radius at R < 30′. This is again consistent
with the result of Rines & Geller (2008).
We found no evidence for the faint-end upturn of the
luminosity function in A2199 at Mr < −15. This could
be because our magnitude limit is not faint enough to
probe the magnitude range where the upturn is expected
to appear (e.g. Mr & −15, Lan et al. 2016). How-
ever, a recent work by Ferrarese et al. (2016) who used
the very deep spectroscopic data of the Virgo cluster
with Mg < −9.13 also found no faint-end upturn in
their luminosity function. It should be noted that many
studies suggesting the faint-end upturn of the luminos-
ity function are based on photometric data, which can
suffer from systematic uncertainties including the sub-
traction of background galaxies, especially in the faint
end of the luminosity function. We refer the readers to
Rines & Geller (2008) for more discussion on the possi-
ble uncertainties in determining the luminosity function.
Deeper spectroscopic surveys of galaxy clusters will be
helpful for better constraining the faint-end slope of the
luminosity function.
4. COMPARISON BETWEEN GALAXIES AND THE
INTRACLUSTER MEDIUM
4.1. Velocity Structure in A2199
The kinematics of cluster galaxies can provide an
important hint of merging history of galaxy clusters
(Hwang & Lee 2009). Moreover, because of different dy-
namical properties of galaxies and the ICM (i.e. colli-
sionless galaxies and the collisional ICM), comparison of
the bulk motion between the two is also useful for un-
derstanding the dynamical state of galaxy clusters (e.g.
Roettiger & Flores 2000).
To compare the kinematics of galaxies with that of the
ICM in A2199, we use the radial velocity measurements
of the ICM in Ota & Yoshida (2016). They measured the
radial velocities of the ICM in different regions of A2199
from the analysis of emission lines in the X-ray spectra
taken with the Suzaku satellite. To compare the radial
velocities of the cluster galaxies with those of the ICM,
we determine the average velocity of the galaxies in each
region where the ICM radial velocity is measured; the
average radial velocity of the galaxies is the mean of the
velocity distribution in each cell (see Appendix for the
radial velocity distribution of galaxies in each cell), and
that of ICM is the radial velocity determined from the
stacked X-ray spectrum in each cell. Figure 8 shows the
positions of such regions (left: galaxies, right: the ICM)
delineated by different sized squares: four large cells of
18′× 18′ FOV and sixteen small cells of 4′.5× 4′.5 FOV.
Each cell is color-coded by the average radial velocities of
the galaxies and the ICM in the cluster rest frame. There
are four empty small cells for the ICM without velocity
measurements because of large uncertainties near X-ray
CCD edges. We note that the radial velocity of the ICM
in the upper left large cell, L1, is very different from the
other three large cells (∆v ∼ 1500km s−1). However, the
velocity measurement error in this cell is also large (σv ∼
1300km s−1), indicating the large velocity offset is not
statistically significant (see Figure 1 in Ota & Yoshida
2016 for more details). There are some cells where the
galaxies and the ICM move in opposite directions (e.g.
S2) as well as those where the two components move in
the same direction but at different speeds.
To compare the radial motions of the two components
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Fig. 8.— Two-dimensional maps color-coded by radial velocities of galaxies (left) and the ICM (right) in the cluster rest frame as a
function of right ascension and of declination. The radial velocities of galaxies and the ICM are measured within each cell. Empty cells
indicate the regions with no measurements. For galaxies, those with |∆cz|/(1+ zcl) < 3000 km s
−1 are used. The mean value of the radial
velocities of the galaxies in each region is calculated. Plus symbols refer to the cluster center.
Fig. 9.— Radial velocities of galaxies (blue) and the ICM (red) in the cluster rest frame measured in the regions of Figure 8, as a function
of clustercentric radius (left), and their histogram (right). Error bar for the ICM is an 1σ statistical error in the measurement of radial
velocity, and that for galaxies is the standard error of the mean.
quantitatively, we plot the radial velocities of the galax-
ies and the ICM in the cells as a function of projected
clustercentric radius. In the left panel of Figure 9, we
show the radial velocities of the galaxies and the ICM for
each cell with blue circles and red diamonds, respectively.
The error bar for the ICM is an 1σ statistical error in the
measurement of radial velocity, and that for the galax-
ies is the standard error of the mean. There are three
cells where the difference in the radial velocity between
the galaxies and the ICM is significant more than ∼2σ:
S9(4.3σ), S2(2.0σ), and L2(3.2σ). We mark these cells
with vertical lines and their names in Figure 9. We per-
form the Kolmogorov-Smirnov (K-S) two sample test and
the Anderson-Darling k-sample test (A-D) for the distri-
butions of the radial velocities of the galaxies and the
ICM to determine whether these two distributions are
drawn from the same distribution (null hypothesis). The
p-values from the two tests are 0.007 and 0.023, respec-
tively, suggesting that there is a possible difference in the
radial velocity between the galaxies and the ICM with
2.0−2.5σ significance levels. This possible difference be-
tween the two components could be related to the recent
merging activity of A2199 that is evidenced by gas slosh-
ing probably caused by a minor merger (Nulsen et al.
2013). Because the possible systematic difference in the
velocity measurements of the galaxies and the ICM is
not negligible, future X-ray observations with better ve-
locity measurement capability will be useful for drawing
a strong conclusion (e.g. Kitayama et al. 2014).
One interesting feature is that the average radial mo-
tion of the galaxies in S9 cell is discrepant when com-
pared to the surrounding cells (i.e. S10, S13, S14),
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Fig. 10.— (Left) Radial velocities of member galaxies at R < 5′ (filled circles with error bar) in the cluster rest frame as a function
of (projected) position angle. Black solid line indicates the best-fit rotation curve with Equation (3) and gray band represents 1σ range.
(Right) Difference between two median radial velocities (< v1 > and < v2 >) of two galaxy subsamples divided by an axis with position
angle θ0. The velocity difference reaches its maximum (377 ± 268 km s
−1) at θ0∼180◦.
whereas the average radial motion of the ICM shows
no such discrepancy. This radial motion of the galaxies
could result from bulk motion including the global rota-
tion of clusters. We therefore quantify the rotation of the
galaxies at R < 5′ around the center of A2199 by fitting
the radial velocities of the galaxies (vp = ∆(cz)/(1+zcl))
with a function of position angle (Θ),
vp(Θ) = vsys + vrot sin(Θ−Θ0), (3)
following Hwang & Lee (2007). vrot and Θ0 are fitting
parameters, which represent the (projected) rotational
speed and the position angle of the rotation axis, respec-
tively. We fix vsys with the median value of the clus-
ter galaxies at R < 5′ (dotted line in the figure). The
left panel of Figure 10 shows the radial velocities of the
galaxies at R < 5′ as a function of position angle with the
best-fit rotation curve (thick solid line). The best-fit pa-
rameters are vrot = 598±264 km s
−1 and Θ0 = 205±36
◦,
suggesting a possible rotational signal with 2.3σ.
As a sanity check, we use another method
to detect any rotation signal of galaxy clusters
(Manolopoulou & Plionis 2016). We examine the differ-
ence between the median velocities (< v1 > and < v2 >)
of two galaxy subsamples divided by an axis that passes
through the cluster center. The right panel of Figure
10 shows the velocity difference as the division axis ro-
tates consecutively (rotation diagram). θ0 is the posi-
tion angle of the axis. If a cluster is rotating, the rota-
tion diagram should show a clear periodic trend, having
its maximum or minimum when the division axis coin-
cides with the rotation axis. In general, the maximum
corresponds to the rotational speed (see Section 2.1 of
Manolopoulou & Plionis 2016). The right panel of Fig-
ure 10 shows a periodic change of the velocity differ-
ence (< v1 > − < v2 >) with θ0 with the maximum of
390± 268 km s−1 at θ0 ∼ 180
◦.
The rotation of the cluster galaxies at R < 5′ is de-
tected at a significance level of 2.3σ by the method
of Hwang & Lee (2007) and of 1.5σ by the method of
Manolopoulou & Plionis (2016). The measurements of
the rotational amplitude and the rotation axis by the two
methods agree within the uncertainty. As expected, the
rotation axis we find is placed to separate the S9 cell from
the other cells at similar radii (S10, S13 and S14) in Fig-
ure 8. It is interesting to note that only the galaxies show
a hint of rotation in A2199 unlike the ICM. Poole et al.
(2006) suggested that the kinematics of the ICM can be
affected by the disruptive gas dynamical forces that do
not act on the dynamically dominant component (i.e.
dark matter, galaxies), which makes the ICM remove the
signature of substructures faster than the other compo-
nents. On the other hand, a numerical simulation of
cluster major mergers (e.g. mass ratio of ∼ 2.5 : 1,
Roettiger & Flores 2000) shows that the rotation of the
ICM survives longer than that of the galaxies when a
cluster has experienced an off-axis major merging. An-
other numerical simulation also shows that the rotation
of the ICM in a relaxed cluster is stronger than that
of galaxies at all radii (Baldi et al. 2017). These results
from numerical simulations appear to differ from the case
of A2199 in this study, suggesting that the rotation of
the galaxies in the central region of A2199 (i.e. R < 5′)
is not induced by an off-axis major merger. Instead, a
recent minor merger could be responsible for the differ-
ent radial motions between the galaxies and the ICM in
A2199. Indeed, Nulsen et al. (2013) found evidence of a
recent minor merger event (400 Myr ago) in the central
region of A2199 with Chandra observations, supporting
our conclusion. Because both the galaxy number den-
sity and the X-ray intensity maps show no distinctive
clumps in the central region (see Figure 14), the minor
merger might result from an infall of a disrupted galaxy
group; this could not affect the kinematics of the ICM,
but could affect only the kinematics of the galaxies. In
addition, AGN in cD galaxies can give a significant im-
pact on the inner ICM and its dynamical state (Cui et al.
2016, 2017). For example, the AGN feedback including
jets can transfer the extra energy to the ICM, which can
make the velocity field of the inner ICM sufficiently disor-
dered (e.g. Heinz et al. 2010; Baldi et al. 2017). Indeed,
Nulsen et al. (2013) showed that there are complex in-
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Fig. 11.— Spatial distribution of friends-of-friends groups in and around A2199. Filled and open circles denote galaxies with |∆cz|/(1+
zcl) < 3000km s
−1. Galaxies fainter than rPetro,0 = 17.77 are denoted by smaller circles, and galaxies brighter than rPetro,0 = 17.77
are denoted by bigger circles. Big circles with dotted and dashed lines represent clustercentric radii of 30′ and 1◦, respectively. x-axis and
y-axis are angular distances from the X-ray peak position (R.A.=247.135041◦ and decl.=39.520810◦) along right ascension and declination
directions, respectively. At R = 30′, limiting apparent magnitude (rpetro,0) of the data changes from 20.5 (inner region) to 17.77 (outer
region) (see bottom left panel of Figure 5). Filled circles are members of subgroups and open circles are non-members. Each subgroup is
distinguished by color. Subgroup ID in Table 3 is also shown.
teractions between radio outbursts from the AGN in the
cD galaxy of A2199 and the inner ICM, supporting this
argument.
4.2. Galaxy Groups in the Central Region of A2199
In this section, we identify galaxy groups in the cen-
tral region of A2199 using the galaxy catalog in this
study, and compare their spatial distribution with that
of the ICM. Identifying substructures (i.e. subhalos) in
galaxy clusters and characterizing their physical prop-
erties are important to understand the mass assembly
history of clusters (Okabe et al. 2014). The comparison
of spatial distributions between optically-selected galaxy
groups with X-ray clumps (and with weak-lensing peaks)
is an important step to understand the reliability of the
group identification method and the systematics of each
method. To do that, we use Suzaku X-ray images in the
0.7–2.0 keV band of A2199 (T. Tamura et al. 2017, in
prep.). However, the incomplete spatial coverage of the
Suzaku observations (see Figure 13) prevents us from a
detailed, quantitative comparison between the galaxies
and the ICM (e.g. cross-correlation of the galaxy num-
ber map with the X-ray intensity map). Therefore, we
focus on a simple visual identification of X-ray counter-
parts of optically-selected galaxy groups in this study
and simple correlation tests between group galaxies and
X-ray intensity in clusters.
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4.2.1. Identification of Galaxy Groups with a
Friends-of-Friends Algorithm
We first identify group candidates in the clus-
ter by applying a friends-of-friends (FoF) algorithm
(Huchra & Geller 1982) to the sample of the A2199
galaxies at R < 60′. Because the radial velocities of clus-
ter galaxies are strongly affected by peculiar velocities,
we use only R.A. and declination information to connect
galaxies after applying a velocity cut to select cluster
galaxies. There are two magnitude limits for the galaxy
sample at R < 60′ (rpetro,0 ∼ 20.5 at R < 30
′ from
this survey and rpetro,0 ∼ 17.77 at R = 30−60
′ from the
SDSS). Because the galaxy number density differs with
the magnitude limit, we use two different linking lengths
for the samples of the two different magnitude limits
to identify galaxy groups with similar physical proper-
ties. To determine an optimal linking length for galaxy
groups, we first use the galaxies with rpetro,0 ≤ 17.77
(the limiting apparent magnitude in the outer region at
R > 30′) and |∆cz|/(1+zcl) ≤ 3000 km s
−1 in a region of
A2199 supercluster (12◦ × 12◦) where previously known
galaxy groups and clusters including Abell 2197W/E,
NRGs385, NRGs388, NRGs396, and NGC6159 exist. We
then use several linking lengths and choose the one that
best reproduces the physical properties of the known
clusters and groups (see Table 3 of Lee et al. 2015), which
is 0.090h−1Mpc (ll1). For the inner region at R < 30
′
with a denser galaxy sample, we use the galaxies at
rpetro,0 < 20.5 with the same velocity cut. We again
test several linking lengths and choose the one that con-
nects galaxies to form groups with similar spatial ex-
tents to the groups previously found with ll1, which is
ll2 = 0.083h
−1Mpc.
Figure 11 shows the spatial distribution of the A2199
galaxies with the identified subgroups that contain at
least three members. The groups at R < 30′ are
from the cluster galaxy sample of rpetro,0 < 20.5 with
ll2 = 0.083h
−1Mpc, and those at R > 30′ are from
the sample of rpetro,0 < 17.77 with ll1 = 0.09h
−1Mpc.
When groups identified with ll1 = 0.09h
−1Mpc are dis-
tributed across the boundary of R = 30′, we combine
them with the neighboring groups at R < 30′. Filled
circles are members of the subgroups and open circles
are non-members. Bright galaxies with rpetro,0 < 17.77
are indicated with big circles, while faint galaxies with
rpetro,0 > 17.77 are denoted by small circles. The groups
are distinguished by color and numbered by group id as
listed in Table 3. In Table 3, we list group id, number
of members (Nmem), central (median) position (R.A.cen,
Decl.cen), median line-of-sight velocity (czcen), and line-
of-sight velocity dispersion (σp).
Because the FoF groups are found in the projected two-
dimensional space, there could be some false groups that
are not physically associated, but look clustered only in
the plane of R.A. and declination. To determine the
fraction of false groups in our group catalog, we per-
form a simple test of comparing FoF groups found in
a projected two-dimensional space with those found in
the real three-dimensional space. We first construct a
set of particles that follows a Navarro-Frenk-White pro-
file (NFW profile; Navarro et al. 1996) at R < 30′ with
the concentration parameter of A2199 (c=8, Rines et al.
2002). We keep the total number of the particles to
be the same as the total number of the cluster galax-
ies at R < 30′ (Ngal = 410). We then apply the three-
dimensional FoF algorithm to this sample using the link-
ing length 0.083h−1Mpc. We then define a false detec-
tion rate of group members as the fraction of members
that belong to any FoF groups found in a projected two-
dimensional space but not in FoF groups found in the
three-dimensional space. The test with 1000 data sets
results in the false detection rate of 49% with a standard
deviation of 3%, suggesting a significant contamination.
However, it should be noted that the false detection rate
could be lower than this because galaxies in real clus-
ters follow the NFW density profile with an additional
subclustering. This subclustering will reduce the num-
ber of galaxies that are not associated with subgroups
in clusters. This effect is not considered in our experi-
ment, which can result in a higher false detection rate
than the true value. We therefore do not claim that our
group catalog is clean and complete, and do restrict our
analysis to simple statistical tests.
We use a δ-test (Dressler & Shectman 1988) as one of
these statistical tests. This δ-test is based on the local
deviations of cluster galaxies from the systemic velocity
(v¯) and dispersion (σ) of the entire cluster. For each
galaxy, the deviation is defined by
δ2 = (Nnn/σ
2)
[
(v¯local − v¯)
2 + (σlocal − σ)
2
]
(4)
where v¯local and σlocal are the local velocity mean and
dispersion, and Nnn is the number of nearest neighbors
that determines the range of local environment. We use
Nnn = 11 as suggested by Dressler & Shectman (1988).
We calculate δ for each galaxy at |∆cz|/(1 + zcl) ≤
3000 km s−1, rpetro,0 ≤ 20.5, and R ≤ 30
′. In Figure
12, we visualize δ for each galaxy with a circle of a ra-
dius proportional to eδ (black open circles). A larger
circle means a larger deviation from the global kinemat-
ics, thus groups of large circles represent galaxy groups
that are kinematically distinguished from the host clus-
ter. As expected, some of the FoF groups appear as kine-
matically distinctive subgroups: some parts of Group #1
and 2, Group #5, 8, 13, and 14.
We also calculate the statistical significance of the pres-
ence of substructures of A2199 using a Monte Carlo simu-
lation of the ∆ statistics of Dressler & Shectman (1988),
where ∆ is the sum of δ of all the cluster galaxies. We
first generate 500 simulated clusters by shuffling veloci-
ties of the cluster galaxies at their observed positions so
that the simulated clusters are similar to the observed
cluster except for the velocity clustering property. We
then calculate ∆ for the observed and the simulated clus-
ters, and compute the fraction of the simulated clusters
with ∆sim > ∆obs. We obtain f(∆sim > ∆obs) = 11%,
which suggests the existence of possible substructures in
A2199.
4.2.2. Spatial Correlation between FoF galaxy groups and
X-ray emission
We now examine the correlation of spatial distribution
of the FoF galaxy groups with that of X-ray emission.
We use the Suzaku X-ray images of A2199 (T. Tamura
et al. 2017, in prep.; see colors and contours in Figure
13). However, the spatial coverage of the Suzaku obser-
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TABLE 3
Galaxy group candidates within 1◦ from the center of A2199
Group ID Nmema
R.A.cen Decl.cen czcen σp
(◦) (◦) (km s−1) (km s−1)
1 244 247.190208 39.603261 9121 932
2 ≥ 47 246.819011 39.342433 8977 765
3 ≥ 17 246.904735 39.136092 8986 809
4 ≥ 13 247.684846 39.723306 9101 610
5 11 247.608242 39.384192 9259 382
6 ≥ 7 247.132763 39.103324 9310 888
7 7 247.282277 39.158823 9080 709
8 ≥ 6 247.580229 39.845116 8890 871
9 ≥ 6 247.078795 39.959155 9584 954
10 ≥ 5 247.671460 39.557037 8570 619
11 5 247.117738 39.290438 9617 615
12 ≥ 5 246.639659 39.618715 9431 906
13 5 246.713557 39.731108 9706 667
14 ≥ 5 246.662488 39.858683 9634 233
15 ≥ 3 246.621210 39.269845 10052 516
16 ≥ 3 246.519715 39.532315 9358 332
17 3 247.164662 39.939751 8609 247
18 3 247.497326 39.528499 8871 559
19 16 247.831534 39.838499 8858 360
20 10 246.645921 39.127725 9349 676
21 ≥ 7 247.182264 40.495055 8847 404
22 6 246.391443 39.552047 9299 248
23 6 246.874044 38.943058 9657 738
24 5 247.424576 40.235407 9133 551
25 4 248.134680 39.626435 8477 217
26 4 246.095654 39.177529 9285 734
27 4 247.736806 39.205308 9149 793
28 3 247.371478 38.825007 10180 695
29 3 246.123905 39.321854 9142 213
30 3 247.711780 39.989630 8383 908
31 3 247.359425 40.422342 8476 260
32 3 247.083254 38.802598 9270 87
Note. — Because number density of galaxy sample is different in
inner and outer regions due to the different limiting apparent magnitudes
of the data, linking length (ll) for the friends-of-friends algorithm is
chosen differently. Group 1-17 are those found at R < 30′ and identified
with ll = 0.083h−1Mpc, and Group 18-32 are those at R = 30−60′ and
identified with ll = 0.090h−1Mpc.
a Number of member galaxies in each group. For groups close to the
boundaries where the limiting apparent magnitude changes (R = 30′)
and the outermost boundary (R = 1◦), Nmem is underestimated. Thus
we add ≥ to indicate that the given Nmem is the lower limit.
vations is not complete (Figure 13 shows several places of
detector gaps), thus we first focus on a simple identifica-
tion of X-ray counterparts of the optically selected galaxy
groups identified in the previous section. Figure 13 shows
the spatial distribution of the cluster galaxies on top of
the X-ray intensity map. We also overplot active galactic
nuclei (AGN, star symbols). Filled star symbols indicate
the AGNs classified with optical spectra (i.e. zspecclass eq
‘QSO’, zsubclass eq ‘AGN’, or zsubclass eq ‘BROADLINE’
in the SDSS database), and open star symbols denote
the AGNs identified with WISE colors using the crite-
ria of Mateos et al. (2012). Because the WISE criteria
for AGNs do not require redshift information, we use all
the WISE AGN candidates in the photometric sample
regardless of redshift information.
Figure 13 shows that the strong X-ray emission in the
very central region (R < 15′) matches well with the
main body of A2199 (FoF group #1), as expected. To
better compare the spatial distribution of the galaxies
with that of the ICM in the central region, we show
the galaxy number density contours at R . 18′ in the
left panel of Figure 14 with the X-ray intensity map and
contours in the right panel. Both contours at R . 10′
show a northeast-southwest elongation. Figure 13 also
shows that the most small X-ray clumps coincide with
the AGNs, meaning that the AGNs are mainly responsi-
ble for the X-ray emission in those clumps.
To examine the correlation between FoF groups and
X-ray emission, we perform the following statistical test.
We first construct the surface galaxy number density
map using the cluster member galaxies at rpetro,0 <
17.77. We use the method in Gutermuth et al. (2005)
based on the distance to the fifth closest galaxy to con-
struct the number density map, and the pixel scale of
the map is the same as the one in the X-ray map (i.e.
16.7′′pix−1). The black dots in Figure 15 show the sur-
face number density distribution as a function of X-ray
intensity for the entire region where the X-ray data exist
(see Figure 13).
We then overplot the distribution of pixels at the posi-
tions of galaxies in three different galaxy samples: cluster
galaxies in the FoF groups, cluster galaxies not in the FoF
groups, and foreground/background galaxies (red dots in
three panels). To reduce the effect of the cluster main
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Fig. 12.— Similar to Figure 11, but only for the groups at R < 30′. Black empty circle refers to kinematic information around each
galaxy. Its size is proportional to eδ where δ denotes how much the kinematics of the local environment of a galaxy, defined by 11 nearest
neighbors, is different from the global cluster kinematics (Equation (4)).
component, we mask the central 20′ region and do not
plot the galaxies in the main body of A2199 (i.e. FoF
group #1). The plot shows that the surface number
densities of the galaxies in the FoF groups (left panel)
are higher than those of the other samples, as expected.
However, only the galaxies in the FoF groups show that
both the galaxy number density and the X-ray intensity
distributions are skewed to higher values compared to
the distributions of the entire sample, indicating a cor-
relation of the spatial distribution between FoF groups
and X-ray emission. We list the p-values from the K-S
and the A-D k-sample tests for the distributions of the
subsample (red dots) and the parent sample (black dots)
in each panel, which supports our conclusion.
We also perform another statistical test. This is similar
to the previous one, but we focus more on the comparison
of the galaxy samples at similar radii. Figure 16 shows
the mean of the top 30% of the X-ray intensity distri-
bution, < I30X >, at the positions of the galaxies in the
three galaxy samples above as a function of clustercentric
radius. We plot the mean of the top 30% of the X-ray
intensity distribution because we are interested in the ex-
cess of X-ray intensity where galaxies are located at, and
the conclusion does not change even though we use top
20-50% of the X-ray intensity distribution. To minimize
the effect of the cluster main component in the X-ray
map, we restrict our comparison to the radial ranges of
20′ < R < 30′ and 30′ < R < 50′. We do not sub-
tract the cluster main component from the X-ray map to
reduce the uncertainty that could be introduced by the
imperfect subtraction. The plot shows that the X-ray
intensities near the cluster galaxies in the FoF groups,
on average, are higher than those of the other samples
both at the two radial bins. This again confirms the cor-
relation of the spatial distribution between FoF groups
and X-ray emission. A detailed analysis on the compari-
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Fig. 13.— Spatial distribution of the FoF groups on top of the Suzaku X-ray images of the cluster. The X-ray brightness is denoted by
colors and contours. Black dots are all sources with measured redshifts, black filled stars are AGN classified with optical spectra, and open
stars are AGN identified with WISE colors.
Fig. 14.— (Left) Iso-surface number density contours of cluster galaxies (black solid lines) and cluster galaxies (black dots). (Right)
X-ray iso-intensity contours (white solid lines) with X-ray emission color-coded by its intensity. Different color code from one in Figure 13
is used to better resolve the central part.
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Fig. 15.— Correlation between surface galaxy number density and X-ray intensity in A2199. Black dots indicate the correlation between
the two in the entire region where the X-ray measurements are available (see Figure 13). Red dots in each panel indicate the correlation
between the two at the positions of galaxies in three different galaxy samples: cluster galaxies in the FoF groups (left), cluster galaxies
not in the FoF groups (middle), and foreground/background galaxies (right). Histograms along X- and Y-axes show the distributions of
X-ray intensity and the surface galaxy number density, respectively. Black and red histograms indicate, respectively, the distributions for
the entire sample and the subsample of each panel. Two numbers in the left and right corners indicate p-values from the K-S and A-D
k-sample tests on the distributions of the entire sample and the subsample.
Fig. 16.— The mean of top 30% of the X-ray intensities measured at the positions of cluster galaxies in FoF groups (red circle), at
the positions of cluster galaxies not in FoF groups (blue triangle), and at the positions of foreground/background galaxies (black square).
The mean is measured at two different radial ranges, 20′ < R < 30′ and 30′ < R < 50′. Error bars are calculated using the subsampling
method.
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son of galaxy distribution with the complete X-ray map
and with the weak-lensing peaks will be a topic of future
studies.
5. CONCLUSION
We conduct a deep, uniform redshift survey of the cen-
tral region of A2199 at R < 30′. By combining 775 new
MMT/Hectospec redshifts and the data in the literature,
we provide an extensive catalog of the A2199 galaxies at
rpetro,0 < 20.5 and R < 60
′, which is useful for future
studies of this system.
We apply the caustic technique to the redshift data
and identify 406 member galaxies in the central region at
R < 30′. The velocity dispersion profile derived from the
entire sample of member galaxies is smoothly connected
to the stellar velocity dispersion profile of the cD galaxy,
and is similar to the one derived using red member galax-
ies. The faint-end slope of the luminosity function at
R < 30′ is α = −1.26 ± 0.06, which shows no faint-end
upturn feature. The luminosity function does not change
much with clustercentric radius. These results are con-
sistent with the previous measurement based on slightly
shallower redshift surveys.
The comparison of the radial velocities between the
galaxies and the ICM suggests that there are some re-
gions where the velocity difference between the two is
significant more than 2σ. We find a hint of the rotation
of the galaxies at R < 5′ around the center of A2199 with
vrot = 300−600 km s
−1, but the ICM does not show such
bulk motion in the same region. This might result from a
recent minor merger event in the central region suggested
by Nulsen et al. (2013) with the Chandra X-ray data. To
develop further understanding on merging processes un-
dergone recently in the central region, more precise mea-
surements of the ICM radial velocity and weak-lensing
analysis for dark matter distribution are necessary.
We apply a FoF algorithm to identify galaxy sub-
groups, and identify 32 group candidates at R < 60′. A
visual comparison of the spatial distribution of the FoF
groups with the Suzaku X-ray map suggests that the cor-
respondence between the FoF groups and X-ray clumps
is not obvious except the central main body. We perform
simple statistical tests on the spatial correlation between
the FoF groups and X-ray emission. The tests result in
a positive correlation, indicating the physical connection
between the two. Future X-ray observations with com-
plete spatial coverage and better spatial angular resolu-
tion would be useful for better comparisons between the
galaxies and the ICM. Comparisons of the galaxy distri-
bution with the dark matter distribution from a weak-
lensing analysis will be also valuable to have a complete
picture of the formation and evolution of A2199.
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APPENDIX
RADIAL VELOCITY DISTRIBUTIONS OF CLUSTER GALAXIES
Here Figure 17 shows the radial velocity distribution of galaxies in each cell of Figure 8. We show mean, median,
and geometric mean with solid, long-dashed, and dashed lines, respectively, in each panel. The numbers of galaxies
in the large and small cells are 34-91 and 1-24, respectively. This means that we should be careful in representing the
average radial velocity for the small cells. Following the suggestion of Sauro & Lewis (2010) that the geometric mean
has less error and bias than the median or the mean when the sample size is less than 25, we could use geometric mean
for the average radial velocity, but decide to use the mean for convenience because the mean and the geometric mean
agree very well in each panel. We note that the conclusion does not change even if we use median instead of mean.
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Fig. 17.— Radial velocity distribution of cluster galaxies in each cell shown in Figure 8, except S7 where there is only one galaxy. The
name of each cell is specified in each panel. Mean, median, and geometric mean are denoted with solid, long-dashed, and dashed lines,
respectively.
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